Abstract-A compact and flexible circularly polarized (CP) wearable antenna is introduced for wireless body-area network systems at the 2.4 GHz industrial, scientific, and medical (ISM) band, which is implemented by employing a low-loss composite of polydimethylsiloxane (PDMS) and silver nanowires (AgNWs). The circularly polarized radiation is enabled by placing a planar linearly polarized loop monopole above a finite anisotropic artificial ground plane. By truncating the anisotropic artificial ground plane to contain only 2 by 2 unit cells, an integrated antenna with a compact form factor of 0.41λ 0 × 0.41λ 0 × 0.045λ 0 is obtained, all while possessing an improved angular coverage of CP radiation. A flexible prototype was fabricated and characterized, experimentally achieving S 11 <− 15 dB, an axial ratio of less than 3 dB, a gain of around 5.2 dBi, and a wide CP angular coverage in the targeted ISM band. Furthermore, this antenna is compared to a conventional CP patch antenna of the same physical size, which is also comprised of the same PDMS and AgNW composite. The results of this comparison reveal that the proposed antenna has much more stable performance under bending and human body loading, as well as a lower specific absorption rate. In all, the demonstrated wearable antenna offers a compact, flexible, and robust solution which makes it a strong candidate for future integration into bodyarea networks that require efficient off-body communications.
high-performance flexible wearable antennas has dramatically increased, particularly those capable of supporting efficient offbody communications [1] [2] [3] [4] . Wearable antennas share many of the same requirements as conventional antennas, such as impedance bandwidth, radiation patterns, gain, polarization, etc. However, it is also desirable that wearable antennas are well isolated from loading effects when placed in close proximity to the human body, while simultaneously having the smallest possible thickness and lateral footprint [5] , [6] . In such a way, the wearable antenna can still transmit/receive signals with a high operating efficiency, and at the same time the exposure of the human body to electromagnetic radiation, characterized by the specific absorption rate (SAR), remains well within the margin of safety. Apart from the structural designs of wearable antennas, recent advancements in material science and engineering have brought about new possibilities of high-quality flexible conducting and dielectric materials in the microwave/RF frequency range, thereby providing a broader choice of constitutive materials for microwave circuits [7] , [8] and antennas [9] [10] [11] [12] . As a result, various soft materials have been employed as low loss antenna substrate as well as conducting layers, which have enabled some of the first truly flexible wearable antennas.
So far, several off-body communication antennas, with and without the integration of flexible materials, have been proposed for wearable applications in the 2.4 GHz industrial, scientific, and medical (ISM) band. Apart from monopoles [5] , [13] , conventional patch antennas [14] , and slot antennas [15] , which were considered at the early stages of wearable antenna development, more versatile and advanced antenna designs with enhanced performance and multiple functionalities have been introduced and demonstrated over the past several years. Particularly, substrate integrated waveguide fed slot antennas have been realized using textile materials, exhibiting either single-or dual-band operation [16] [17] [18] . Meanwhile, broadband inverted-F textile antennas [19] , [20] and multi-band embroidered planar monopole antennas [21] have also been reported, which possess a small footprint but may lead to higher SAR values when operating at extreme close proximity to human body surfaces due to their nearly bi-directional radiation patterns. In an effort to minimize the impact of human body loading and improve the isolation, artificial ground planes with isotropic unit cells have been introduced and implemented using textile materials [22] as well as with polymer and printed silver ink [23] . Such textilebased isotropic artificial ground planes have also been used to provide dual-band operation, which behave as a perfect electric conducting ground at the patch mode frequency and as a perfect magnetic conducting ground at the dipole mode frequency [24] . More recently, an anisotropic artificial ground plane containing I-shaped resonating unit cells was employed to achieve a high degree of antenna-to-body isolation with a much smaller antenna footprint [25] .
It should be emphasized, however, that almost all of these wearable antennas are linearly polarized (LP), which could result in unreliable wireless links due to possible complete polarization mismatch caused by the constant human body motion expected under realistic scenarios. Circularly polarized (CP) antennas, in contrast, tend to be more favorable for wearable applications due to their improved signal robustness with respect to human body movement. Surprisingly, there has been a very limited amount of work reported on CP wearable antennas. It has been shown that coplanar waveguide fed planar slot monopoles can generate wideband CP radiation [26] . However, due to their bi-directional radiation pattern, a significant amount of energy is absorbed by the human tissue, making them unsuitable for operation in close proximity to a human body. The pin-fed and microstrip-fed textile CP patch antennas with truncated corners produce unidirectional radiation [27] , [28] . However, the overall footprint of these antennas is rather large, which is primarily attributed to a large ground plane required for sufficient shielding and the low permittivity value of the textile material employed in the substrate. Such a large overall footprint causes the antenna to suffer from significant frequency shift due to structural deformation. Recently, a design methodology was introduced where microwave circuits could be seamlessly integrated into the antenna design. This technique enables integrated wearable modules with simultaneous band-pass filtering and CP radiation functionalities [29] , [30] , at the expense of requiring that vertical vias be embedded into the structures. Miniaturization techniques such as introducing various types of slots at the center [31] , [32] or on the edges [33] of the patch radiator enables a more compact footprint and less resonance shift due to bending. Nevertheless, the reduced cavity volume greatly increases the quality factor of the resonance, resulting in a narrower impedance and axial ratio (AR) bandwidth and/or a lower gain/efficiency. Therefore, a flexible CP antenna simultaneously possessing a robust performance, a compact form factor, a high efficiency, and a reasonably wide bandwidth is highly desirable for wireless BAN systems.
In this paper, we demonstrate a flexible and compact CP antenna implemented using a polydimethylsiloxane (PDMS) and silver nanowire (AgNW) composite material system for wearable applications in the 2.4 GHz ISM band. Section II describes the antenna design and presents a study of the truncation effects of the anisotropic artificial ground (AAG). In Section III, the fabrication process and measured results of the proposed antenna are reported. Its performance is compared to a reference prototype of the same antenna design but implemented by using conventional printed circuit board (PCB) technology with rigid substrate material and copper. Section IV discusses the comparison among the proposed antenna, a conventional CP patch antenna, and a miniaturized CP patch antenna, a demonstrating its superior and more robust performance under structural deformation. In Section V, the effects of human body loading on the performance of the proposed antenna under various scenarios, including the antenna's electrical properties and the specific absorption rate (SAR), are investigated and compared to its conventional CP patch antenna counterpart.
II. ANTENNA CONFIGURATION AND DESIGN

A. Flexible Constitutive Material System
The majority of the previously reported work on flexible antenna designs involves replacing conventional substrates with textile or fabric materials. Here we report on a new type of flexible material system for wearable antenna integration that is based on a PDMS and AgNW composite. PDMS is a widely used elastomer with a high stretchability. It has a reported relative permittivity (ε r ) that ranges from 2.67 to 3.0 with a corresponding loss tangent (tan δ) that varies between 0.01 and 0.05 over the frequency range of 1.0 to 5.0 GHz [34] , [35] . A split-post dielectric resonator method [36] was used to characterize the in-house fabricated PDMS films, which consistently predicts a dielectric property with ε r = 2.8 and tan δ = 0.02. The dielectric constant of the PDMS is significantly higher than most previously employed textile and fabric type of substrate materials [16] [17] [18] [19] [20] [21] [22] [23] [24] , [26] [27] [28] , [31] [32] [33] , which makes it ideal for use in the design of compact flexible antennas. Moreover, the PDMS/AgNW composite can be optimized to yield a highly conductive material (∼8130 S cm −1 ) [37] . By embedding a high-density mixture of AgNWs into a PDMS matrix makes possible the inclusion of a separate PDMS/AgNW conducting layer into the host PDMS substrate. Importantly, the thickness of both conducting and insulating layers can be well controlled. In this work, the thickness of the conducting layer is fixed at around 0.1 mm, which provides a reasonable compromise between conductivity homogeneity and mechanical flexibility, while the thickness of the insulating layers can vary between 0.5 and 5 mm. The general polymer/AgNW composite material system represents a promising technology for developing flexible and stretchable electrodes, which can be applied to light emitting diodes [38] , solar cells [39] , touch sensors [40] , [41] , wearable sensors [42] , electrophysiological electrodes [35] and antennas [43] , [44] . It should be noted that, in contrast to many thin plastic materials which are flexible but not compliant, the PDMS material is not only flexible but also compliant, making it an ideal candidate to form conformal and comfortable contact with the human skin.
B. Antenna Configuration
The layout of the compact and flexible CP wearable antenna is illustrated in Fig. 1(a) , where a fully planar configuration is adopted. The antenna consists of two components separated by a thin foam spacer-a planar ring monopole oriented along the x-direction on the top and a custom designed AAG on the bottom. The side-fed scheme allows the antenna to be placed in very close proximity to the human body surface as compared to the bottom-fed topologies that have been considered in previous CP wearable patch antennas [27] , [31] , [32] . Artificial ground structures have been previously used in wearable antenna designs for both off-body [22] [23] [24] [25] and on-body [45] communications, achieving a more compact antenna footprint and an improved degree of isolation. But these antennas were limited to designs that radiate only linearly-polarized waves. In contrast to a conventional ground plane, here the AAG contains a highly-truncated metasurface comprised of only a 2 by 2 array of modified loop resonators (MLRs) backed by a continuous conducting sheet. The MLR design was inspired by previous studies on isotropic artificial ground unit cells, which revealed that the loop resonator possesses a superior performance compared to cross-dipole or patch resonators [46] [47] [48] [49] [50] . In order to create the required anisotropic response, each MLR includes a pair of diagonal chamfered corners along with a pair of slots cut out from its interior. As has been reported, when an xpolarized LP source is radiating above an artificial ground with an anisotropic reflection phase response, in general, the polarization of the resulting wave is elliptical (i.e., the wave directly radiated from the source antenna combined with that reflected from the AAG). To support right-handed (RH) CP radiation, as illustrated in Fig. 1(c) , the reflection phases along the x + y and x -y directions must be around −90°and +90°, respectively, while at the same time the reflection magnitudes in the two directions should be similar to each other. In this particular case, the reflected wave of the x-polarized downward radiation from the source then becomes y-polarized with a 90°phase delay, thus enabling a RHCP radiated wave at broadside when it is combined with the x-polarized upward radiation directly from the source [51] , [52] .
C. Unit Cell Design
The first step in the antenna design process is to consider the anisotropic reflection phase response of the AAG unit cell in an infinite array environment with a periodic boundary condition and Floquet port setup in the high frequency structure simulator (HFSS) [53] . As the inset of Fig. 2(a) shows, the MLR has its symmetry lines along the x + y and x -y directions, thereby two orthogonal resonating modes can be identified, denoted as Mode 1 and Mode 2, respectively. For a normally incident plane wave with its electric field polarized along these two directions, the reflection magnitudes and phases are different. Basically, the edge length, width, and slot size of the MLR as well as the capacitive coupling between adjacent MLRs determine the resonant frequency of Mode 1. The degree to which the resonant frequency of Mode 2 differs from Mode 1 is controlled by the chamfered corners. As shown in Fig. 2(b) , the reflection phase for Mode 1 is around −90°in the targeted band, while for Mode 2 it is in the vicinity of +90°. In addition, the reflection magnitudes have similar values of about 0.9. It is important to note that if the operational band is located in between the two resonances, lower absorption loss can be achieved, thus ensuring a high efficiency for the flexible antenna. The majority of the downward radiated waves emanating from the planar monopole will impinge on the AAG at angles close to normal incidence. However, since the distance between the two components is on a deep subwavelength scale, there also exists waves with a non-zero transverse wavenumber, i.e. waves that obliquely illuminate the AAG. Thus, the angular response of the AAG needs to be taken into account. For oblique incidence angles, the requirement of the AAG is to transform a transverse magnetic (TM) polarized incident wave into a transverse electric (TE) polarized wave with its electric field polarized along the ydirection with a 90°phase delay. It can be observed from Fig. 3 that, in the targeted band, the magnitude and phase of the TE polarized reflected wave is larger than 0.84 and around −90°, respectively. The ratio between the power of the reflected TE and TM polarized wave is more than 13 dB, indicating that the TM polarized incident wave is almost entirely transformed into a TE polarized reflected wave within a certain field-of-view. This makes possible a wide axial ratio <3 dB beamwidth (ARBW), as will be shown in the following sections.
D. Integrated Antenna Design and Performance
Once the AAG unit cell has been designed, a planar monopole is added above the AAG structure with a separation distance of d s . Since a strongly truncated AAG with only 2 by 2 unit cells is chosen in order to obtain a compact footprint, the radiating element of the monopole is located above the area in the middle of the four MLRs. In order to excite the four MLRs more efficiently, a rectangular loop monopole was employed which forces the currents to flow at locations near the corners of all four MLRs. Due to the truncation of the AAG, the dimensions of the MLRs need to be slightly tuned together with the planar loop monopole for the best performance metric in the targeted band, including the input impedance, gain, front-to-back total radiation (FBTR) ratio, AR bandwidth and beamwidth. Here, the FBTR ratio is defined as the ratio between the total radiated power in the half-space above the antenna and that in the halfspace beneath the antenna. This represents a more meaningful characterization of the back radiation of an antenna towards the human body in wearable scenarios than the conventional front-to-back (FB) ratio.
The final tuned version of the integrated antenna has a form factor of 0.41 λ 0 × 0.41 λ 0 × 0.045 λ 0 , where λ 0 is the wavelength at the center frequency of 2.44 GHz. The simulated S 11 , shown in Fig. 4(a) , has a −10 dB bandwidth that ranges from 2.37 to 2.64 GHz. It is below −14 dB in the targeted ISM band. The broadside AR is centered at 2.44 GHz, with an AR <3 dB bandwidth of 69 MHz. As presented in Fig. 4(b) , the simulated gain for the RHCP radiated wave is higher than 5.6 dBi with a maximum value of 5.9 dBi, indicating a radiation efficiency of around 76-79% in the targeted band [see Fig. 4(a) ]. The normalized simulated patterns for both the RHCP and LHCP radiated waves in the x-z and y-z planes are shown in Fig. 4(c) , which exhibit a symmetric main beam with a half power beamwidth (HPBW) of 88.5°and 88.8°in the two planes, respectively. The strength of the LHCP radiated wave is significantly smaller than that of the RHCP wave over a wide angular range, implying the proposed antenna possesses a broad AR < 3dB beamwidth. The radiation towards the half-space below the antenna is significantly smaller than that in the upper half-space, which is desired for wearable applications. As plotted in Fig. 4(d) , the FB ratio is about 16 dB in the targeted band, while the FBTR ratio is around 12 dB, indicating that the total radiated power towards the half-space below the antenna is less than 6%.
E. Truncation Effects of AAG and Ground Plane
In this section the truncation effects of the AAG as well as the ground plane on the performance of the antenna are studied. To this end, we consider antennas with 4 × 4 MLRs, 3 × 3 MLRs, 2 × 3 MLRs and 3 × 2 MLRs comprising the AAG (as depicted in Fig. 5 ), and compare their performance to the proposed antenna that has an AAG with only a 2 × 2 array of MLRs. As shown in Fig. 6(a) , all five antennas exhibit good impedance matching in the targeted band. Interestingly, a broadband response can be observed for the antennas with 3 MLRs along the x-direction. This can be attributed to the fact that the monopole radiator and the MLRs in the middle row have no staggering along the x-direction, while in contrast a staggering of a half period exists for the cases where there is an even number of MLRs along the x-direction. Such a dramatic variation in the S 11 response is ascribed to the different near-field coupling between the monopole and the truncated AAG, which corroborates findings in previously reported works [47] , [54] . However, as seen from Fig. 6(b) , the differences in the broadside AR response is less significant among the five antennas since the formation of the CP radiated waves is primarily determined by the anisotropic reflection phase property of the AAG. It is noted that the antennas with 3 MLRs along the x-direction have a slightly broader AR < 3 dB bandwidth, which is around 90 MHz. For the other three antennas, however, which have an even number of MRLs comprising the AAG, the AR < 3 dB bandwidth ranges from 67 to 76 MHz. In terms of gain, Fig. 6(c) shows that a larger footprint yields a higher antenna gain since the aperture, which is filled by the MLRs, becomes larger. Nevertheless, all these antennas have a similar radiation efficiency. The antennas that contain a 3 × 3 and 4 × 4 array of MLRs have a gain value of only 1 dB and 1.3 dB higher than that of the proposed antenna, respectively. However, this comes at the expense of a greatly increased antenna footprint of 225% and 400% in the two cases. This indicates that the marginal gain enhancement drops very quickly when the number of MLRs in the AAG is increased. It is also seen that the proposed antenna, which has a 2 × 2 array of MLRs, yields a similar gain to the antennas having a 2 × 3 and a 3 × 2 array of MLRs. Remarkably, the antenna with the 2 × 2 array of MLRs has a higher FBTR ratio than either the antenna with the 2 × 3 array or the 3 × 2 array of MLRs, even though the footprints of the latter two are 50% larger. This is due to the fact that an AAG with the same number of MLRs in the x-and y-directions results in a more symmetrically radiated beam as well as edge diffractions in the x-z and y-z planes, thereby reducing the amount of power diffracted into the half-space below the antenna. Such symmetrically radiated beams are also manifested in the HPBW and ARBW in both the x-z and y-z planes. As presented in Fig. 6 (e) and (f), it can be seen that the proposed design with a 2 × 2 array of MLRs has the widest HPBW and ARBW. In all, this study shows that the antenna design containing the AAG with a 2 × 2 array of MLRs has the most suitable properties for wearable applications, i.e. the smallest footprint with a wide angular coverage of circular polarization and radiated power.
In order to investigate the impact of edge diffraction caused by the compact-sized ground plane on the performance of the proposed antenna, several different ground plane sizes were considered with the number of MLRs in the AAG fixed at 2 by 2. As can be seen from Fig. 7(a) , the S 11 < −10 dB and AR < 3 dB bandwidths are both well maintained as the size of the ground plane increases. Fig. 7(b) shows that a fluctuation of less than 1.4 dB can be observed in the peak gain when the ground plane size is increased from 50 mm to 300 mm, i.e. ∼ 2.5λ 0 , which is smaller than that for conventional patch antennas [55] , [56] . Importantly, the maximum gain value, which occurs when the ground plane size is 125 mm by 125 mm, is only 1.1 dB higher than the proposed case, but at the expense of a greatly increased footprint. The radiation efficiency is well-maintained to be above 77%. In fact, a smaller ground plane size is preferable since a larger ground plane requires more AgNW material which would result in increased Ohmic loss. In all, the ground plane size has a very minor effect on the performance of the antenna.
III. FABRICATION AND MEASUREMENTS
The top planar monopole and the bottom AAG were fabricated separately and then assembled together. The first step in the fabricated process was to prepare liquid PDMS by mixing two parts of Sylgard 184 (Dow Corning) at a ratio of 10:1. Liquid PDMS was spin-coated on a cleaned Si wafer at 250 r/min for ∼2 min followed by curing in a degassed oven for 20 min at 70°C. As such, a thin layer of PDMS (∼300 μm) was obtained. Then, AgNWs with a diameter of around 60 nm and a length of about 30 μm were synthesized and diluted in ethanol with a concentration of 10 mg/ml. The patterns for the four different conducting layers of the proposed antenna were cut out on the cured PDMS to create PDMS masks. In the following step, the AgNW solution was drop casted into the grooves of the mask and dried at 55°C, thereby forming the conductive AgNW patterns as desired. Then the PDMS mask was peeled off and the AgNW pattern was coated with another layer of liquid PDMS with a thickness of ∼0.5 mm, followed by a curing process. Next, the patterned AgNW/PDMS films were cut out to have the designed form factors and stacked together with cured bare PDMS layers of 0.5 mm and 2.5 mm to form the top monopole and bottom AAG components, respectively, as illustrated in Fig. 8(a) . Finally, a foam spacer with the prescribed thickness was added in between the two components to form the final integrated CP wearable antenna prototype, which is fully planar and highly flexible [see Fig. 8(b) ].
An Agilent E8364B network analyzer was used to characterize the S 11 of the fabricated antenna. As shown in Fig. 9(a) , good agreement was obtained between simulated and measured results. The S 11 is below −15 dB in the targeted band. The broadside AR is smaller than 3 dB within a 67 MHz band centered at 2.46 GHz, which has a <1% shift from the simulation prediction. The simulated and measured gain patterns of the total radiated power at the frequency corresponding to the AR minimum in both the x-z and y-z planes are shown in Fig. 10(a) and (b), respectively. The measured gain is around 5.2 dBi, which is ∼0.7 dB lower than the simulation prediction. The simulated and measured angular dependence of the AR at the frequency where the AR is minimum in both the x-z and y-z planes are reported in Fig. 10(c) and (d) . It can be observed that the AR of the fabricated prototype is smaller than 3 dB in the majority of the angular range covered by −90°≤ θ ≤ 90°. This result indicates that a good degree of circular polarization is achieved within a wide field-of-view, which would ensure a robust wireless link between the wearable antenna and a remote off-body receiver.
As a benchmark for comparison, an antenna with the same geometry but different dimensions was also designed targeting the 2.4 GHz ISM band and implemented using conventional printed circuit board (PCB) materials. Specifically, Rogers RO3003 (ε r = 3 and tan δ = 0.0013) and copper were used as the substrate and conducting materials, respectively. This antenna has the same footprint and thickness as the flexible antenna realized using the PDMS and AgNW composite material system, but it is rigid. Fig. 11(a) and (b) show the simulated and measured S 11 and broadside AR of the fabricated prototype [see the inset of Fig. 11(a) ]. The measured results exhibit a good correspondence with the simulation predictions. The measured S 11 is smaller than −10 dB from 2.35 to 2.61 GHz, which has a slightly broader bandwidth than the simulated result. The measured AR < 3 dB bandwidth is 67 MHz, centered at 2.46 GHz, which exhibits a shift of less than 1% compared to simulations. The measured antenna gain is about 6.1 dBi, while the simulated value is 7.0 dBi. The simulated radiation efficiency of this antenna is around 95% in the targeted band, due to the lower loss of the constitutive materials. In all, the flexible CP antenna implemented using the PDMS and AgNW composite shows similar performance to its rigid PCB counterpart, with a gain degradation of only ∼0.9 dB due to material losses. However, the flexibility, lighter weight, and robustness of the proposed antenna represent key advantages for wearable applications.
IV. COMPARISON WITH A CP PATCH ANTENNA
In order to appreciate the advantages of employing an AAG structure in the proposed antenna, its performance metric was compared to that of a conventional CP patch antenna which has the same footprint and thickness and is comprised by the same PDMS and AgNW composite. As the inset of Fig. 12(a) shows, the CP antenna is a microstrip fed square patch radiator with a pair of corners chamfered. Since the antenna needs to be conformal to the surfaces of different parts of a human body for wearable applications, both antennas are bent in free space with a certain radius of curvature, denoted as R a . Three typical values, including R a = 100, 75, and 50 mm, were considered, corresponding to the cases where the designed antenna was mounted on the chest, upper arm, and wrist, respectively. As displayed in Fig. 12(a) , the bending has almost no effect on the S 11 of the proposed antenna, while the CP patch antenna experiences a significant frequency shift and bandwidth broadening [28] . Importantly, for the AR < 3 bandwidth, the proposed antenna has a frequency shift of less than 15 MHz. In contrast, the AR < 3 bandwidth of the CP patch antenna experiences a blueshift of more than 90 MHz. This implies that the proposed antenna can be used at almost any location on a human body, which is not the case for the CP patch antenna. The RHCP gain value of the proposed antenna is about 1 dB higher than the CP patch antenna, as shown in Fig. 12(c) . By bending the antenna from flat to having a radius of curvature of 50 mm, the gain drop in the targeted band is less than 0.3 dB for the proposed antenna, while more than 1.5 dB of gain reduction can be seen for the CP patch antenna due to its frequency shift. As revealed by Fig. 12(d) , the bending also greatly reduces the FBTR ratio of the CP patch antenna, resulting in more radiated power into the half-space below the antenna, i.e. towards the human body. In contrast, the FBTR ratio for the proposed antenna is almost unaltered by structural deformation. The much more robust performance of the proposed antenna compared to the CP patch antenna lies in the fact that the former has four resonators, i.e. the MLRs of the AAG, covering the aperture rather than a single resonant cavity which is larger in size. Under structural deformation, the distributed MLRs of the proposed antenna experience less bending compared to the single resonant cavity with a larger size, thus resulting in a smaller frequency shift and quality factor reduction. In addition, the proposed antenna operates in between the resonant modes of the MLRs [see Fig. 2(b) ], while the CP band is located very close to the resonance of the patch cavity. Hence, the proposed antenna has a lower overall absorption loss than the CP patch antenna, which leads to a higher radiation efficiency. A further comparison was carried out by considering a miniaturized CP patch antenna with a crossed slot cut in the center (see the left column of Fig. 12 ). The patch has a similar size to that of a single MLR, while the footprint and thickness of the entire antenna structure are kept the same. Indeed, the miniaturized cavity greatly improves the performance stability reducing the frequency shift down to only 25 MHz. However, this amount of shift is still larger than that of the proposed antenna. In addition, due to the increased quality factor of the antenna and the fact that the entire aperture is not efficiently utilized, such a robust behavior is achieved at the expense of an inferior overall performance including a narrower S 11 and AR bandwidths, a lower gain, and a smaller FBTR ratio, which corroborates results reported in the literature [31] [32] [33] . Table I compares the properties of the proposed antenna with those of the other previously reported CP wearable antennas. It can be seen that the demonstrated antenna possesses the small- Fig. 13 . Simulated S 11 , radiation efficiency, broadside AR, RHCP gain of both the proposed antenna and the conventional CP patch antenna, as well as simulated normalized LHCP and RHCP radiation patterns corresponding to the frequency of AR minimum in both the x-z and y-z planes of the proposed antenna mounted on the (a) chest, (b) arm, and (c) wrist of a human body model. est footprint, largest impedance bandwidth, highest radiation efficiency, widest AR beamwidth, and most robust performance under structural deformation.
V. ON-BODY SIMULATIONS AND MEASUREMENTS
To evaluate the suitability of the proposed antenna in wearable applications to enable effective off-body communications, its performance is investigated and compared to that of a conventional CP patch antenna. In this study, three different mounting positions for the antennas were considered (i.e., on the chest, upper arm, and wrist of a human body model, corresponding to R a = 100, 75, and 50 mm, respectively).
A. Impact of the Human Body on Antenna Performance
The impact of the human body on the input impedance and the radiation properties of both a conventional CP patch antenna and the proposed antenna were studied. A homogenous fullscale human body model was employed which had a height of 174 cm and a chest width of 46 cm [57] . Its homogeneous permittivity was chosen to be 2/3 of the permittivity of muscle, which represents a reasonable approximation as proven in the literature [1] , [4] , [58] . In the HFSS simulation domain, the human body model was assigned as an integral equation (IE) region, which was solved by the method of moments, while the CP patch antenna and the proposed antenna were assigned as finite element regions. Such a homogeneous model provides a numerically economical means to generating a fairly accurate evaluation of both the impedance and radiation properties of wearable antennas, but not the SAR values [21] , [29] , [30] .
As shown in Fig. 13(a) -(c), the proposed antenna was placed at three different locations on the human body model, including the chest, the upper arm, and the wrist, with an antenna-to-body distance of approximately 4 mm. Owing to the employed AAG, which greatly reduces the back radiation, the human body in close proximity does not have a significant impact on the electromagnetic properties of the proposed antenna. Moreover, due to its robust properties with respect to structural deformation, the performance of the proposed antenna is expected to be well maintained when it is mounted conformally on different locations of a human body. Indeed, the S 11 , radiation efficiency, broadside AR, and gain remain almost the same when compared with those of the antenna in free space. The resonances in the S 11 remain at the same frequency for all three cases. The broadside gain profiles are also well maintained with a peak gain of 5.1, 4.9, and 4.8 dBi for the on-chest, on-upper-arm, and on-wrist cases, respectively. The simulated radiation efficiency of the antenna in the targeted band is around 68%, which is ∼10% lower than that of the antenna in free space. This slight drop indicates that there is only a minor impact on the radiation efficiency of the antenna when it is located in close proximity to human tissue, due to the employed AAG structure. The broadside ARs are all below 3 dB in the majority of the targeted band, with a frequency shift of only 20 MHz when moving the antenna from the chest to the wrist. This frequency shift is partially due to the bending of the antenna, as previously discussed, which implies that the impact of the human body has an almost negligible effect on the AR of the antenna. The simulated normalized LHCP and RHCP radiation patterns of the proposed antenna in both the x-z and y-z planes at the frequency of AR minimum for all three cases are also displayed in Fig. 13 . It can be seen that the majority of the energy is directed into the hemisphere away from the human body. The HPBW in the x-z/y-z planes are 88°/90°, 89°/94°, and 98°/101°for the on-chest, on-upper-arm, and on-wrist cases, respectively. Slight differences exist between the radiation patterns of the antenna in free space and when it is mounted on-body. Particularly, minor pattern asymmetry and squinting can be observed, primarily due to the human body shadowing effect. The multiple lobes of cross-polarization in the half space in front of the antenna are caused by the fact that the LHCP back radiation is converted into RHCP waves, upon reflecting from the human body surface beneath the antenna, which interferes with the RHCP waves directly radiated from the antenna. Nevertheless, the radiation patterns exhibit high cross polarization discrimination within a wide angular range. Such simultaneous wide angular power and circular polarization coverage indicates that stable wireless links could be achieved for off-body communications. Experiments were performed with the antenna when placed on the three different parts of a human body in order to validate its predicted robust impedance property. As shown in Fig. 14 , it can be seen that the measured S 11 of the antenna prototype on the chest, upper arm, and wrist are almost identical to that of the antenna in free space, confirming the very small loading effect due to the human body.
As a comparison, full-wave simulations of the conventional CP patch antenna mounted on the three different locations of the human body model were also performed. It can be seen from Fig. 13 that the simulated radiation efficiency is only about 55% in the targeted band. In addition, significant frequency shifts occur in both the S 11 and the AR among the three difference cases, partially due to the bending of the antenna structure. Moreover, the gain is reduced by around 1.8 dB as compared to the value of the CP patch antenna in free space for all three cases. This indicates that the CP patch antenna is not immune to the loading effects when placed in close proximity to a human body, demonstrating that it is interfior to the proposed antenna for wearable applications. It should be noted that, when directly placing the top loop monopole antenna in close proximity to the human body surface without the AAG shielding, the radiation efficiency will be significantly reduced to just a few percent, which is attributed to its bi-directional radiation pattern [25] , [26] .
B. SAR Simulations
To evaluate the SAR, which quantifies the effect of the antenna on the human body, a numerical 3D volumetric anatomical HUGO human body model produced by the National Library of Medicine [59] was incorporated into the CST microwave studio (MWS) software package. This approach allowed for accurate calculation of the SAR values in the near-field, which contains 40 different types of tissues at a resolution of 2 × 2 × 2 mm mesh size.
As shown in the top row of Fig. 15(a) -(c), the proposed antenna was placed at three different positions on the HUGO human body, including the chest, the upper arm, and the wrist, respectively. The distance between the antenna and the human body model surfaces was set to be around 4 mm. As a benchmark, a power of 100 mW accepted by the antenna was chosen to evaluate the SAR performance. To reduce the simulation time, only a portion of the chest or arm with a sectional area of larger than 10 times that of the antenna size was used since the SAR is a near-field effect. The middle row of Fig. 15(a)-(c) respectively show the simulated 1 g averaged SAR values due to the proposed antenna for the three cases, while the bottom row displays the corresponding SAR distribution resulting from the conventional CP patch antenna. For the conventional CP patch antenna, the peak 1 g averaged SAR varies from 0.22 to 0.29 W/kg. For the proposed antenna, however, it can be observed that, for all three cases, the peak 1 g averaged SAR value ranges from 0.13 to 0.18 W/kg. This indicates that the maximum allowed accepted power for the proposed antenna is about 65% higher than that for the CP patch antenna, thereby leading to a larger maximum communication distance of about 30%. These values are not only well below the 1.6 W/kg specification provided by the Federal Communication Commission (FCC) [60] , but also much smaller than those of the conventional CP patch antenna.
VI. CONCLUSIONS
In summary, we have reported a methodology to design compact and robust CP wearable antennas using an AAG with only 2 by 2 unit cells. A composite of PDMS and AgNWs was employed to implement the antenna prototype, thereby achieving a fully planar and highly flexible module. Experimental results were found to be in strong agreement with the simulation predictions, thus confirming the proposed design. The reported antenna was shown to have a robust performance against structural deformation and human body loading, which is far superior to a conventional CP patch antenna. Moreover, the proposed antenna exhibits small SAR values in several examined wearable scenarios. The demonstrated compact, flexible, and highly efficient CP antenna is expected to find potential applications in various advanced wearable devices for off-body communications. His research interests include antennas engineering, RF/microwave circuits design, metamaterials, and plasmonics.
